Abstract Peatland drainage has been an important component of forestry management in the boreal zone and the resulting ditch networks are maintained regularly to sustain forest productivity. In Finland, this is recognized as the most detrimental forestry practice increasing diffuse loads of suspended solids. Alongside forestry management on peatlands, interest in peatland restoration has grown lately. Distributed hydrological modeling has the potential to address these matters by recognizing relevant physical mechanisms and identifying most suitable strategies for mitigating undesired outcomes. This study investigates the utility of such a modeling approach in a drained peatland forest environment. To provide a suitable tool for this purpose, we coupled channel network flow to the three-dimensional distributed hydrological model FLUSH. The resulting model was applied to a 5.2 ha drained peatland forest catchment in Eastern Finland. The model was calibrated and validated using field measurements obtained over frost-free periods of five months. The application showed that distributed modeling can disentangle the importance of spatial factors on local soil moisture conditions, which is significant as peatland drainage aims to control these conditions. In our application, we limited the spatial aspect to the topography and the drainage network, and found that the drainage configuration had a clear effect on the spatial soil moisture patterns but that the effect was less pronounced during the wetter summer. Future applications of distributed modeling in this field comprises investigating the impacts of other spatial factors, modeling channel erosion and solid transport to address strategies for their mitigation, and evaluating restoration schemes.
Introduction
In Finland, 4.7 million ha of peatlands are drained for forestry. This represents about one half of the total peatland area in the country, and is among the largest in the world [Paavilainen and P€ aiv€ anen, 1995; Finnish Forest Research Institute, 2014] . Peatland drainage has been an important component of forestry management practices not only in Finland but also in Sweden, Norway, Russia, the Baltic states, the United Kingdom, and some areas of the United States and Canada [Paavilainen and P€ aiv€ anen, 1995] . The implementation of drainage schemes causes fundamental changes in the hydrological behavior of the peatland [Heikurainen and Joensuu, 1981; Lundin, 1994; Vompersky and Sirin, 1997] , and significantly increases the aeration of the root zone which is a key benefit for tree growth [Kozlowski, 1986] . When the air-filled porosity (AFP) of peat decreases below 10%, excess moisture is highly likely to suppress growth of Scots pine [Paavilainen, 1967; Wall and Heiskanen, 2009] . A constant critical value for AFP can, however, be deceptive as the restriction on growth originates from oxygen stress in the root zone [Bartholomeus et al., 2008] . Hence, elevated water table levels during late growing season (July-August), when oxygen requirements are high, have been observed to slow down tree growth, while flooding before mid-June had no discernible effect [Pelkonen, 1975; P€ aiv€ anen, 1984] . precipitation, and northern latitude have been proposed to predict water table depth in drained peatland stands to enable assessment of tree growth conditions [H€ okk€ a et al., 2008; Sarkkola et al., 2010] . Water table depth in a drained site is, however, spatially highly variable due to topography and the vicinity of drainage ditches [Silins and Rothwell, 1999; Holden et al., 2006; Haahti et al., 2012] . Most hydrological modeling studies on drained forests are based on the simulation of water balance between parallel ditches in a two-dimensional profile [e.g., McCarthy et al., 1992; Amatya et al., 1997; Koivusalo et al., 2008] . Threedimensional distributed hydrological modeling of drained peatlands [e.g., Dunn and Mackay, 1996; Lewis et al., 2013] can potentially provide a more comprehensive understanding on the spatial variability of soil moisture conditions on forestry sites.
In Finland, DNM is conducted yearly on 50,000-60,000 ha of peatland forestry sites while the annual target has been set to 80,000 ha [Finnish Forest Research Institute, 2014] . Although DNM has demonstrably beneficial impacts on tree growth, it induces severe stress on surface waters degrading water quality and ecological status in peatland-forestry-dominated headwater catchments [Fin er et al., 2010] . DNM can increase the suspended solid load by up to tenfold in the first posttreatment years [Joensuu, 2002; Nieminen et al., 2010] . Erosion and solid transport from drained peatlands depend strongly on the hydrological behavior of the catchment and the flow conditions in the ditch network. The main practices for controlling suspended solid loads from drained peatlands consist of reducing the flow rates and cutting down the peak flows. This can be achieved with, e.g., settling ponds, silt traps, treatment wetlands, and peak runoff control structures, which are typically referred to as water protection methods [Paavilainen and P€ aiv€ anen, 1995; Marttila et al., 2010] . At the same time, there is a small proportion of forestry drained peatlands in Finland (ca. 10%) where drainage has failed to improve forest productivity [H€ okk€ a et al., 2002] . Together with growing awareness of biodiversity, this has led to an interest toward peatland restoration in Finland [Vasander et al., 2003] . Restoration of forestry drained peatlands has centered in Finland, while peatland restoration on other land uses (peat cutting and agriculture) has received wide attention in the Republic of Ireland, the United Kingdom and Canada [Grand-Clement et al., 2015] . The water protection methods, as well as restoration measures (e.g., ditch blocking), take place in the ditch network. Prediction of their hydrological impacts, therefore, requires distributed hydrological models that include channel flow routing capability, and are able to represent the interactions between the drainage network and the water balance of forested land areas.
Distributed hydrological models simulating integrated surface and subsurface flow have become widely applied and their number is growing [Maxwell et al., 2014] . Introduced models include e.g., InHM [ VanderKwaak and Loague, 2001] , MODHMS [Panday and Huyakorn, 2004] , MIKE SHE [Graham and Butts, 2005; Danish Hydraulic Institute (DHI), 2007] , Parflow Maxwell, 2006, 2008] , PIHM [Qu and Duffy, 2007] , GSFLOW [Markstrom et al., 2008] , HydroGeoSphere [Therrien et al., 2010; Aquanty, 2015] , CATHY [Camporese et al., 2010] , PAWS [Shen and Phanikumar, 2010] , WASH123D [Yeh et al., 2011] , tRIBS-OFM [Kim et al., 2012] and FLUSH Turunen et al., 2015] . Channel flow is routed in these models either embedded in the overland flow domain (e.g., InHM, Parflow, CATHY, tRIBS-OFM) or using onedimensional features (e.g., MODHMS, MIKE SHE, PIHM, GSFLOW, HydroGeoSphere, PAWS, WASH123D). The first approach requires a detailed digital elevation model and significant refining of the grid resolution along the drainage network to avoid poor representation of channel geometry [Kim et al., 2012] , whereas the second allows more flexible possibilities to apply management structures (such as dams) within the channel network [Panday and Huyakorn, 2004] . Densely spaced ditches in drained peatland forests and the interest to simulate structures within the network support employing the second approach. Typically, channel flow is represented by approximations of the St. Venant equations such as the kinematic wave (e.g., Parflow, GSFLOW), or the diffusive wave simplification (e.g., InHM, MODHMS, PIHM, HydroGeoSphere, PAWS). The kinematic wave approximation has some limitations that include the inability to represent the pooling of water within the channel or to capture backwater effects. It has been established that in low gradient systems with complex drainage networks, the use of the full St. Venant equations (e.g., MIKE SHE, WASH123D, tRIBS-OFM) would be more appropriate than the approximations [Thompson et al., 2004] . Furthermore, some of the models run in an upstream-downstream sequence (e.g., PIHM, GSFLOW, PAWS), which restricts the model to dendritic channel networks. Complex drainage networks of peatland forests often include loops and water may pool in some parts of the network, hereby setting requirements for the channel network flow component. Finally, year-round simulations in DISTRIBUTED HYDROLOGICAL MODELING OF DRAINED PEATLAND FORESTthe boreal zone demand description of snow processes either based on a degree-day approach (e.g., MIKE SHE, PIHM, HydroGeoSphere) or on a more physically based snow energy balance scheme (e.g., Parflow, GSFLOW, PAWS, tRIBS-OFM, FLUSH). The review of existing models, as well as flexibility provided by the access to the model source code, guided us to extend the FLUSH model to describe channel network flow in a manner that meets the requirements set by ditch networks of drained peatland forests .
Even though spatially distributed integrated hydrological models have become widely used, their application to densely open-ditched forest sites has so far been limited. The objective of this study was to investigate the capabilities of distributed hydrological modeling in describing the interaction between the drainage network and the peatland moisture conditions at the scale of forestry operations. To this end, a description of channel network flow was coupled to the FLUSH model and the resulting model was applied to a 5.2 ha drained forested peatland catchment in Eastern Finland. The model was calibrated for the catchment against measured discharge, water table depth, and water depth in the ditches using an automatic parameter estimator, PEST [Doherty, 2004] . The model was validated for the corresponding five month frost-free period of the following year. Lack of data restricted the simulations to frost-free periods. The application featured the spatially variable topography and the presence of the drainage network, allowing to investigate their effect on the spatiotemporal soil moisture conditions. Additional scenarios with different ditch depths were applied to explore the impact of varying ditch depth on the simulated spatial distribution of root zone air-filled porosity, which may reflect the tree growth conditions.
Experimental Drained Peatland Site

Description
The drained peatland catchment Koivupuro is located in Eastern Finland (63 53'N, 28 40'E; Figure 1a ) [Stenberg et al., 2015] . The long-term mean annual air temperature in the area was 2.3 C and the mean annual precipitation 591 mm during 1981-2010. The Koivupuro catchment (113 ha; Figures 1b) was initially drained in 1983 with an open ditch network for forestry purposes using a ditch spacing of 35 m. In August 2011, the Koivupuro catchment ditch network was maintained, mostly by ditch cleaning, and a small nested catchment (5.2 ha) was set up within the area for intensive monitoring (Figure 1b ). Monitoring lasted from The stand characteristics (including the number of stems, the diameter at breast height (DBH), and the stand height) were determined using systematically selected experimental plots inside the nested catchment. Each characteristic was determined separately for Scots pine, Norway spruce, and Birch.
Discharge was measured at an interval of 15 min during the frost-free period using a V notch weir and a pressure sensor at the outlet of the nested catchment ( Figure 1c ). The pressure sensor stage measurements were corrected to correspond to the manual water depth measurements taken at regular intervals. Discharge was calculated using the stage-discharge relationship of the V notch weir.
Water levels in the ditches were measured at four locations, and the water table at two locations using automatic Trutrack WT-HR Water Height loggers ( Figure 1c ). The loggers were placed in perforated pipes installed in the bottom of the ditch or in the ground in August 2011. Measurements were taken every 15 min during the frost-free period at a resolution of 1 mm.
In September 2011, the bottom elevation of all the cleaned ditches of the nested catchment were leveled every 10 m with an accuracy of 0.01 m. Furthermore, a 10 3 10 m 2 digital elevation model (National Land Survey of Finland) was available for the catchment area (Figure 1c ).
Methods
Model Description
FLUSH is an open-source, spatially distributed integrated hydrological model originally developed to simulate hydrological processes in clayey, subsurface drained agricultural fields Turunen et al., 2015] . FLUSH divides the studied field section into 2-D overland and 3-D subsurface domains which are coupled explicitly. Precipitation is initially stored on the ground surface where it can infiltrate into the soil. When the rainfall rate exceeds the infiltration capacity of the soil, water is ponded on the ground surface. This water is available for surface runoff when its depth exceeds that of the depression storage. Overland flow is simulated with the diffusive wave approximation of the St. Venant equations. Ditches function as cell-internal sinks in the overland flow domain. In this study, the flux to ditches from the overland domain was expressed by the equation for flow over a broad crested weir [e.g., Panday and Huyakorn, 2004] van Genuchten, 1980] . Water in the root zone can be removed by evapotranspiration, which is determined based on the given time series of potential evapotranspiration (which in this application only comprises potential transpiration, see section 3.2), the root mass distribution, and the pressure head in the soil [Feddes et al., 1978] . The root mass is distributed to decrease linearly from the soil surface to the maximum root depth (h root ). Ditches are treated as cell-internal sinks in the 3-D subsurface domain. Seepage to ditches is calculated based on Darcy's law [e.g.,
where q sub [L 3 T 21 ] is the seepage flux to a ditch segment within the subsurface cell, (1) and (2) denotes that the interaction occurs along both sides of the ditch. At the current stage of model development, no flow from the ditches to the overland or the subsurface domain is allowed.
The network flow algorithm integrated into FLUSH in this study is explicitly coupled to the 3-D subsurface and the 2-D overland flow submodels. The sum of the fluxes to ditches computed with equations (1) and (2) is used as lateral inflow to the network flow model, and the water depths in the ditches obtained by the network flow model are in turn applied to calculate seepage fluxes to the ditches (equation (2)). The implemented network flow model is based on the Junction-Point Water Stage Prediction and Correction algorithm, JPWSPC Chen et al., 2011; Haahti et al., 2014] . The algorithm is applicable for both looped and dendritic channel networks, and it is suitable for parallel processing. The algorithm consists of an iterative procedure where flow in each of the channels of the network is solved independently, and the water depths at the junctions are corrected using the method of characteristics until convergence is reached.
The full St. Venant equations (3) and (4) which govern flow in the network channels are discretized by applying the four-point implicit Preissmann scheme, and the resulting nonlinear system of equations is solved using the Newton-Raphson method [e.g., Cunge et al., 1980 ]
where
is the longitudinal distance and t [T] is time. To avoid numerical oscillations during low flow, the inertia terms are suppressed and the solution of equation (4) is switched from central to fully upstream weighting when the derivative of Q with respect to the downstream water level becomes positive [see Cunge et al., 1980] . The friction slope in equation (4) is estimated from Manning's equation
where R [L] is the hydraulic radius and n is Manning's resistance coefficient. Because flow in the Koivupuro ditch network was mostly low, this increased the influence of roughness elements, and consequently Manning's n was determined as a function of the local discharge [Haahti, 2014; Haahti et al., 2014] nðQÞ5n min 1n a jQj
where n min is the literature value corresponding to the bed material (0.02 applied in this study), while n a and n b are parameters which account for the increasing resistance with decreasing flow rate. The maximum value of Manning's n was set to 3.
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After computing flow in the channels, the water depths at the junctions are corrected to satisfy mass conservation 
where k is the iteration index, h b is water depth at the junction [L] , in refers to the incoming flows and out to the outgoing flows, and a is a factor to ensure numerical stability.
To reduce computational time, the modeling area in FLUSH can be split into separate sections which are solved in parallel processes communicating via the message passing interface (MPI). In the present network flow model, this is implemented by adding additional junctions to the intersections of the process boundaries and the network channels. Hence, the only information to be passed between processes using MPI are the variables in equation (7).
Canopy Processes and Evapotranspiration
Because the FLUSH model presently has no description of a forest canopy, above-ground processes were calculated separately with the hydrological FEMMA model [Koivusalo et al., 2006 [Koivusalo et al., , 2008 . FEMMA is a quasi-2D model designed to simulate the hydrological impacts of forestry practices in boreal conditions. The model employs hourly meteorological forcing data above the forest canopy and computes water balance components for a soil profile covered with two vegetation layers [Koivusalo et al., 2006] . The input time series include air temperature, relative humidity, wind speed, precipitation, downward global radiation, and downward long-wave radiation.
The canopy model in FEMMA [Koivusalo et al., 2006] simulates interception in the overstorey (tree stand) and further interception in the understorey (ground) vegetation based on the canopy closure and the leaf area index (LAI) of each vegetation layer [Aston, 1979] . The fraction of precipitation falling through both vegetation layers to the ground surface is applied as input to the FLUSH model. Potential evapotranspiration is computed separately for the overstorey and understorey vegetation layers based on the Penman-Monteith type combination equation [e.g., Wigmosta et al., 1994] . Evaporation from the soil surface was neglected, because the ground vegetation, including grasses and mosses, was assumed to block evaporation from the soil surface. Water intercepted by the vegetation layers evaporates at the potential rate, which is calculated as a function of the net radiation, relative humidity, air temperature and the aerodynamic resistance at the surface of the vegetation layer. After the interception storage has been depleted, the remaining energy is available for transpiration. Transpiration is further restricted by the stomatal resistance, which is influenced by LAI, photosynthetically active radiation, soil temperature, vapor pressure deficit, and soil moisture following the response functions summarized in Nijssen et al. [1997] . In the FEMMA simulation, we allowed the meteorological variables and soil temperature to influence transpiration, but did not allow the soil moisture limit. Instead, we used the soil moisture control implemented in the FLUSH model. Hereby, the calculated time series of total transpiration applied as an input to the FLUSH model represents a potential transpiration level (PTr).
The parameters required to characterize vegetation in the canopy model are the mean stand height, the mean DBH, the LAI for both under-and overstorey, and the overstorey canopy closure. The understorey LAI was set to the value of 1.0 [Koivusalo et al., 2008] . Based on the stand measurements, the LAI and the canopy closure of the stand were estimated to be 1.6 m 2 m 22 and 0.7, respectively [Haahti, 2014] . The rest of the canopy model parameters were set according to Koivusalo et al. [2006] , except for the overstorey minimum stomatal resistance which was set to 350 s m
21
. The scaling coefficient for PTr in FLUSH (C PTr ) enabled further tuning of PTr during model calibration.
Model Setup and Initial Parameterization
The modeling area in FLUSH (Figure 1c ) was discretized in 5 3 5 m 2 sized cells in the horizontal direction. The topography of the grid surface was interpolated from the digital elevation model. The vertical soil profile had a depth of 2.0 m and the topography of the grid bottom was assumed to be parallel to the surface topography. In the vertical direction the soil columns were divided into 18 cells (8 3 0.05 m, 6 3 0.1 m and 4 3 0.25 m from top to bottom). The depth of the root zone was set to 0.2 m [Koivusalo et al., 2008] . Transpiration was assumed to decrease linearly when the pressure head falls below 25 m, reaching zero at the wilting point (pressure head 2150 m). [Turunen et al., 2013; Warsta et al., 2013] . Groundwater flow here means horizontal water flow in the saturated zone and it is determined across the catchment borders assuming the gradient of the hydraulic head to equal the slope of the soil surface.
The parameters controlling overland flow, namely Manning's resistance coefficient for the ground surface (n overland ) and depression storage (h depression ), were set based on initial manual calibration (Table  1) . Soil properties were defined separately for the depths 0-0.1 m, 0.1-0.2 m, 0.2-0.3 m, 0.3-0.4 m, 0.4-0.6 m and >0.6 m. Saturated hydraulic conductivities were initially set based on the depthconductivity relationship reported for Sphagnum peat by P€ aiv€ anen [1973] . Saturated hydraulic conductivities of surface peat have been reported to vary in a wide range, 0.3-11 m h 21 [Chason and Siegel, 1986; Ronkanen and Kløve, 2005] , and the horizontal conductivity (K Hsat ) can be even two orders of magnitude greater than the vertical conductivity (K Vsat ) [Chason and Siegel, 1986] . The horizontal conductivities of the two topmost soil layers were adjusted through initial manual calibration. Water retention curves (soil porosity h s , residual water content h r , and fitting parameters a MVG and b MVG ) were defined separately for the depths 0-0.1 m, 0.1-0.2 m, and >0.2 m. Water retention characteristics for these peat layers were adopted from P€ aiv€ anen [1973] , who tabulated water retention characteristics for Sphagnum peat. Table 1 lists the soil properties for the different depths after initial parameterization.
The ditch network was discretized using a maximum distance step of 10 m and ditch depth was set to 1 m. The ditch network of the study area was cleaned using a digger whose shovel dimensions determined the shape of the cross section (Figure 2 ). The leveled bottom elevations of the ditches were used to calculate the slopes (S 0 ) between computational nodes. Parameters n a and n b in equation (6) defining the network flow resistance were initially set according to Haahti et al. [2014] ( Table 1) .
The boundary conditions of the network flow model were specified as no-flow at the upstream boundaries and as the stage-discharge relationship of the V notch weir at the downstream boundary (catchment The model was run using a global time step of one hour at which the meteorological variables and PTr were fed into the model. The global time step was further divided into local time steps varying from approximately 1 min to 7.5 min depending on flow conditions.
Calibration and Validation Process
The model was calibrated using the nonlinear parameter estimation and optimization package PEST [Doherty, 2004] . PEST has been applied in many hydrological modeling studies [e.g., Bahremand and Smedt, 2008; Rossi et al., 2014] . PEST is a gradient-based parameter estimator which selects the best set of parameters from within reasonable ranges by adjusting their values until the differences between modeled and measured values are reduced to the minimum in the weighted least squares sense. The disadvantage of gradient-based methods is that they can be trapped in local minima. Hence, the initial values of the search should be chosen carefully based on prior information or preliminary manual calibration [e.g., Bahremand and Smedt, 2008; Foglia et al., 2009] . Calibration with PEST can be performed against observations of different types by assigning appropriate weights relative to their magnitudes. In this study, calibration was performed against discharge, water table depth, and ditch water depth.
Before calibration a local sensitivity analysis based on the initial parameter values (chosen using prior information and initial manual calibration) was performed and values for composite scaled sensitivity (CSS) and parameter correlation coefficients (PCC) were obtained [Foglia et al., 2009] . CSS was calculated for each parameter in Table 1 regarding discharge, water table depth, and ditch water depth separately. Based on these statistics, seven parameters for calibration were chosen. The number of selected parameters was kept low to avoid over-parameterization [Refsgaard, 1997] but at the same time it was ensured that parameters related to each model component were included.
The objective of the calibration was to fit modeled discharge (1 location), water table depth (2 locations), and ditch water depth (4 locations) to the observed time series. The aggregated objective function was defined by
where M is the number of observation groups, w i is the weight assigned to the observations in the ith group, and MSE i is the mean squared error of the ith observation group. Weights were selected such that the contribution of each observation group to the objective function was similar in magnitude [Doherty, 2004] . Discharge of 5 m 3 h 21 was considered comparable to water table depth of 0.1 m, and ditch water depth of 0.02 m, thus w 1 5 0.2, w 2 5 10, and w 3 5 50, respectively.
The calibration period (15 May to 15 October 2012) started right after snow melt. Hereby, the model was initialized by setting the initial water table level equal to the soil surface (fully saturated) and initial soil temperature to 2 C. A two week model run-in period was used before including the results into equation (8) Water depth in the ditches was most affected by the parameters characterizing the resistance in the ditch network. Only three parameter pairs had PCC values higher than 0.85 in absolute value (corr(n a , n b ) 5 20.99, corr(h s,1 , b MVG,1 ) 5 20.87, corr(K Hsat,4 , K Hsat,5 ) 5 20.92).
Calibration and Validation Results
Based on CSS and PCC values seven parameters (C PTr , h depression , n b , a MVG,1 , b MVG,1 , K Hsat,1 , K Hsat,2 ) were selected for the PEST calibration while others were kept at the values listed in Table 1 . The parameters to be estimated included the six most sensitive parameters regarding each response, except for h s,1 and n a which correlated with parameters of higher sensitivity. For the initial parameter set the value of the objective function (equation (3)) was 1.41 and PEST was able to reduce this to 1.08 in 85 model runs. Table 2 lists the results of the parameter estimation. Standard deviations indicate how well the parameters could be estimated. Although the validation period was considerably dryer, the model was able to reproduce the measurements with reasonable accuracy (Figure 5 ). For the validation period, model fit statistics were E NS,Q 5 0.32, RMSE Q 5 0.036 mm h 21 , RMSE WTD 5 0.101 m, and RMSE DWD 5 0.012 m.
Water Balance and Root Zone Air-Filled Porosity
The simulated periods in 2012 and 2013 were different in terms of weather. Precipitation was higher in 2012 which led to a higher runoff, and air temperature was higher in 2013 which in turn contributed to a (Figures 6b and 6f) . Deepening the ditch depth to 1.5 m increased the mean root zone AFP on average by 0.07 pp in 2012 and 0.3 pp in 2013 (Figures 6c and 6g) . The changes caused by these two scenarios were concentrated to the vicinity of the ditches and the AFP in the middle of the strips was less affected. Finally, the model was run with a constant water depth of 0.05 m in the ditches hereby ignoring the spatiotemporal variation of the ditch water depth. Figures 6d and 6h illustrate how AFP was higher in the southern part and lower in the northern part of the catchment compared to the model run which accounts for the dynamic water depth in the ditches. Differences were the highest (0.15 pp) close to the V notch weir that ponds water behind it.
The spatial illustrations in Figure 6 suggest that the vicinity of the ditch has a distinct effect on the root zone AFP. Figure 7 shows the relationship between the mean root zone AFP and the distance to the nearest HAAHTI ET AL. DISTRIBUTED HYDROLOGICAL MODELING OF DRAINED PEATLAND FORESTditch (<18 m) for the three different ditch depths. Logarithmic regression curves were fitted to the data and the distance to the nearest ditch was a statistically significant explanatory variable (p < 0.05) in all six cases. During the dryer period in 2013, the vicinity of the ditch explained more of the variation in the mean root zone AFP than during the wetter period in 2012 except for the scenario with the shallower ditch depth.
Comparing the ditch depths with each other, the deepest ditch depth (1.5 m) had the highest coefficient of determination (R 2 ). Besides lowering the average AFP, increasing the ditch depth also increased the variation of AFP ( r). Figure 7 further shows the distance along which changing the ditch depth caused a difference at p < 0.1 in AFP to illustrate the differences in the extent of the effect of the change in ditch depth on AFP. Deepening the ditch depth affected the root zone AFP further away from the ditch during the dryer period (2013) than during the wetter period (2012). Also, switching the depth from 0.5 to 1 m had an impact that reached further away from the ditch compared to switching from 1 to 1.5 m.
Discussion
Model Initialization and Featured Processes
The model developed in this study simulates unsaturated and saturated subsurface flow, overland flow and flow in the ditch network. Although the application indicates that the model represents well the complex hydrological processes in a drained peatland forest, it is worth noting certain assumptions and limitations concerning the model initialization and process descriptions.
In the beginning of the simulation periods the soil domain was set to a fully saturated state, which was allowed to drain during a two week model run-in period [e. DISTRIBUTED HYDROLOGICAL MODELING OF DRAINED PEATLAND FORESTequilibrium, which is then used as the model initial condition [e.g., Ajami et al., 2014; Seck et al., 2015] . However in our small catchment, we expect the hydrologic system memory to be short as the initial conditions were wet and the catchment releases excess water fast [Seck et al., 2015] . Experiments with different initial conditions and a longer simulation period confirmed this and supported the use of a fully saturated initial state as it only slightly affected the first runoff peaks (results not shown). Another option would be to use a run-in period that would include the preceding winter to enhance the correct timing of soil saturation during spring. Longer run-in periods on mildly sloping peatlands in northern conditions with gradual winter snow accumulation and rapid spring snow melt may be unnecessary.
Water enters the ditches in the FLUSH model through overland flow and seepage flow from the subsurface. The lack of representing precipitation entering the ditch network directly may cause the inadequate representation of the sudden short peaks in the measured discharge observed in Figures 4a and 5a . At Koivupuro, the dense ditch network comprises as much as 5.3% of the surface area of the nested catchment. Furthermore, the hourly resolution of the precipitation data may contribute to the underestimation of some runoff events.
Potential transpiration was calculated based on vegetation characteristics and meteorological variables by separate routines [Wigmosta et al., 1994; Nijssen et al., 1997; Koivusalo et al., 2006] . A more physiologically based submodel to simulate above-ground processes [Launiainen et al., 2015] would increase the generality of model predictions and balance the model setup between the below-and above-ground descriptions. Actual transpiration was further derived by the FLUSH model as a function of the root zone pressure head, which limited the transpiration rate during dry conditions. Evapotranspiration during wet conditions has been suggested to become limited at a certain pressure head as well [Feddes et al., 1978; Schw€ arzel et al., 2006] . In our application, the function determined by Schw€ arzel et al. [2006] seemed to overly restrict transpiration during wet conditions, leading to significantly inferior representation of measurements during the dryer validation period (results not shown). Bartholomeus et al. [2008] questioned the use of a constant pressure head threshold for limiting transpiration as it is inappropriate for an accurate determination of oxygen stress. Jarvis [2011] , on the other hand, proposed a method to account for roots compensating oxygen stress by increasing water intake in those parts of the soil domain where more oxygen is available. Sensitivity analysis concerning these processes [e.g., Camporese et al., 2015] could shed light on their relevance in a drained peatland forest environment.
The subsurface model in FLUSH has been developed to simulate preferential flow and soil shrinkage and swelling, which are important processes in clayey agricultural fields . It has been argued that macropores have an important role in conveying water in drained peatlands as well [Heikurainen and Joensuu, 1981; Holden et al., 2006] . Including preferential flow in the simulation would, however, double the number of soil parameters which are difficult to determine for the macropore system . In the single pore description of the soil system used in this study, the existence of macropores appeared as a high horizontal conductivity in the topmost peat layer (Table 2) . Sequential shrinkage-swelling behavior in peat soil due to variations of water content is also known to affect the moisture dynamics, as it changes the pore structure and thereby the hydraulic properties of the peat soil [e.g., Price and Schlotzhauer, 1999] . The short-term deformation is, however, significantly different from clay soil [Oleszczuk et al., 2003] , and hence the description in FLUSH cannot be adopted as such. The approach proposed by Camporese et al. [2006] for peat soils could instead be adopted, but as it has not been applied to forestry drained peatlands before it would require data on the fluctuation of ground surface elevation for verification. Results by P€ aiv€ anen [1982] , who measured shrinkage upon drying of peat samples collected from forest drainage areas in Central Finland, suggest that shrinkage is low in the less decomposed topmost peat layers. Still, this aspect should be addressed in the future development of the model, especially if the model were to be applied over periods with large changes in water table elevations [Price and Schlotzhauer, 1999] . 
Calibration and Validation Process
The automatic approach used for the parameter calibration resulted in a good fit during the calibration period but a slightly inferior model performance during the validation period. Although E NS,Q for the validation period was only 0.32, RSME Q was lower than for the calibration period. The low E NS,Q can be explained by the nature of this performance criterion as it measures the error compared to the variation of the measured values [Nash and Sutcliffe, 1970] . In our case the variation of runoff during the validation period was markedly smaller than during the calibration period. The largest difference in the simulation of calibration and validation periods was the accuracy in representing the water Most likely sensitivity analysis for the validation period data would have shown a higher sensitivity to the water retention characteristics of the deeper soil layers than what sensitivity analysis for the calibration period data did. For a more successful outcome, the calibration period should represent a wider range of circumstances, e.g., by stretching it over several years [Refsgaard, 1997; Turunen et al., 2015] . In our case, monitoring only lasted two years and therefore it was not possible to extend the calibration period and still have a sufficient amount of independent data for validation.
Using automatic calibration for computationally intensive distributed hydrological models is still quite uncommon and manual calibration remains the most widely used approach [e.g., Thompson et al., 2004; Turunen et al., 2013] . Based on the present model application, we found that initial sensitivity analysis and the gradient-based parameter optimization method PEST [Doherty, 2004] facilitated the time-consuming calibration of such models. Ideally, as many parameters as possible should be determined from field measurements, while the tuning of parameters should be kept to a minimum. For example, depression storage could be derived from remotely sensed microtopographical variation in relation to the DEM resolution. Deriving parameters from measurements would facilitate the applicability of the model to other sites with less intensive monitoring (e.g., only runoff data). The parameterization constructed and applied in this study is site-specific and hereby may guide in the parameterization of other drained peatland sites, but is not applicable as such.
Results in Drained Peatland Forest Context
The different weather conditions during the two simulation periods in 2012 and 2013 resulted in markedly different soil moisture conditions. Inspection of root zone AFP indicated that aeration would be an issue especially during the wet period but also during the dryer period in the middle of the strip between the ditches. Low AFP in surface peat of Scots pine stands have also been reported by Wall and Heiskanen [2009] who measured an average AFP of 7% at the depth of 0-0.1 m from 15 peatland stands. We calculated AFP for the whole 0.2 m deep root zone, but tree growth conditions may be better represented by taking into account the distribution of root mass (oxygen demand). For example, Paavilainen [1967] reports 90% of Scots pine roots are between 0 and 0.1 m from the peat surface. Also, scaling AFP with temperature might reflect more accurately tree growth conditions [Bartholomeus et al., 2008] .
AFP was clearly greater near the ditches supposedly sustaining more efficient tree growth close to the ditches, as has been observed by Heikurainen [1980] who examined growth on 35 sample plots in Central Finland. Lower growth rate in the middle of the strips has been addressed in operational forestry by digging complimentary ditches between the old ditches instead of cleaning the existing ditches when ditch spacing is more or equal to 50 m [Paavilainen and P€ aiv€ anen, 1995] . Results by Ahti and P€ aiv€ anen [1997] support this practice as they report complementary ditching to increase stand growth more than ditch cleaning.
Simulations with three different ditch depths (current 1.0 m, and hypothetical 0.5 m and 1.5 m) revealed that moisture conditions during wet periods with rainfalls repeatedly saturating the soil are only slightly affected by the ditch depth, which is in accordance with the experimental results of Ahti and P€ aiv€ anen [1997] . Also, the change of ditch depth from 0.5 to 1.0 m had a clearer effect than the change from 1.0 to 1.5 m. Sarkkola et al. [2010] suggest similar behavior as their empirical model would predict a water table level lowering of 5.6 cm and 3.3 cm for the above mentioned changes in ditch depth. Apart from average moisture conditions, the fluctuation over time, which in our results increased with deeper ditch depths, is also important when considering tree growth conditions [Vompersky and Sirin, 1997] .
Spatial Aspect in Modeling of Drained Peatland Forest
This study demonstrated an application of a spatially distributed hydrological model to a drained peatland forest catchment. The spatial aspect of the input data was limited to the topography and the ditch network, while the spatial distribution of stand characteristics, soil properties, and microtopography were disregarded. Haahti et al. [2012] studied the effect of topography, distance to the ditch, and stand basal area on the local water table depth in northern Finland on a 0.53 ha drained peatland strip monitored with 50 measurement tubes. The authors concluded that the distance to the ditch and the elevation explained most of the variation in the measured water table depth within the site, while the effect of the local stand basal area was visible only during an exceptionally dry summer. Including spatially variable stand characteristics into distributed hydrological modeling applications has potential to further disentangle the importance of each factor on local moisture conditions and their temporal variability. The effect of the underlying mineral soil with higher hydraulic conductivity in parts of the peatland catchment may also affect the drainage efficiency after rainfall events, probably increasing the variation shown in Figure 7 . Also, the hydraulic conductivity of peat may vary spatially [Lewis et al., 2013; Rossi et al., 2014] . Compared to the spatial variability of soil properties, the distribution of stand characteristics may be more easily derivable, e.g., from Lidar data that have become openly available (National Land Survey of Finland).
The goal of peatland drainage and DNM is to improve AFP in the surface peat, which spatial (due to topography and the drainage network) and temporal variation could be quantified in our simulations. Based on the present results, up to 25-27% of the variation of the late summer AFP could be explained with the distance to the nearest ditch, which represents the variation that 2-D ditch-to-ditch models also can capture [McCarthy et al., 1992; Amatya et al., 1997; Koivusalo et al., 2008] . However, the remaining variation due to other factors (topography and the water level in the ditch) can only be captured by a fully distributed 3-D modeling approach such as the one developed in this study. Besides wet areas in the middle of the strips, the spatial inspection revealed wet spots which would not be evident when considering only the drainage configuration (Figures 6a and 6e) . Earlier distributed modeling studies in the field of peatland drainage have applied a horizontal grid spacing equal to the ditch spacing and concentrated rather on overall changes in hydrological fluxes than spatial patterns of soil moisture [Dunn and Mackay, 1996; Lewis et al., 2013] .
Integrating the network flow model to the hydrological FLUSH model enabled representation of the interaction between the dynamic ditch water level and soil moisture conditions. The results in Figures 6d and 6h illustrate that exposing the subsurface domain to a dynamic boundary condition had an impact on AFP. In this example the impact was relatively small because the ditch water levels were, although dynamic, close to the applied constant value of 0.05 m. Description of this interaction is important when the effect of water protection measures, e.g., peak runoff control dams [Marttila et al., 2010] , on tree growth conditions are of concern [H€ okk€ a et al. [Vasander et al., 2003; Grand-Clement et al., 2015] have on the water table, and on the water balance of drained peatland sites. Flow simulation in the ditch network also provides a step toward the modeling of erosion and solid transport [e.g., Lappalainen et al., 2010] which is a topical issue in conjunction with DNM on peatland forests.
Closing Remarks
The three-dimensional, open-source distributed hydrological FLUSH model was extended with a ditch network flow routing algorithm to investigate the possibilities of simulating hydrological processes in drained peatland forests. The model was applied to a drained peatland catchment in Eastern Finland, which showed that it was able to reproduce runoff, water table depth measured at two locations, as well as flow conditions in the ditches. In this study the intensive monitoring setup (discharge, water table depth, and ditch water levels) allowed us to rely partly on calibration, but future work should consider a more measurement driven parameterization procedure so that the applicability of the model to less intensively instrumented sites would become feasible. The distributed model provided a quantification how the spatial layout of the drainage network and the topography controlled the root zone moisture patterns in the area. The model further allows for scenario-based testing of operations in the ditch network as it describes the interaction between the ditch network and soil moisture conditions. Alongside scenario-based testing, distributed modeling has potential to provide understanding of physical processes in drained forested peatland catchments. For example, developing the model further to describe erosion and solid transport in the ditch network could reveal the most relevant mechanisms of erosion in drained peatland forest environments.
